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We perform first-principles calculations to investigate the structural and electronic properties of
metal-doped (10, 0) carbon nanotubes (CNTs) on a single hexagonal boron nitride (hBN) sheet in
the presence of an external electric field. We consider K, Cl and Ni atoms as dopants to study
the dependence of the electronic properties of the CNT on doping polarity and concentration. The
electric field strength is varied from −0.2 V/A˚ to +0.2 V/A˚ to explore the effects of an external
electric field on the electronic structures. Although the electronic energy bands of the hBN sheet are
modified in accordance with the field strength, its electronic state in the valence or conduction band
does not touch the Fermi level under the field strength considered. We conclude that the hBN as a
substrate does not modify the electronic structure of the CNT, thereby leading to improvements in
the device performance, compared with that of devices based on conventional substrate materials
such as SiO2.
PACS numbers: 81.05.Zx, 61.46.-w, 68.65.-k, 73.22.-f
The search for substrates to improve the properties of
the nanoelectronic devices has been a crucial focus of
research since the time of fabrication and use of such de-
vices. Thus far, metals [1, 2], mica [3], SiC[4, 5] and
SiO2 [6–10] have been used as substrates. For graphene-
based devices, SiO2 is most commonly used as a sub-
strate. Although the use of SiO2 provides many advan-
tages, its primary drawback is that charge density fluc-
tuations induced by the presence of impurities reduce
electronic mobility in the device [11, 12].
Recently, the use of hexagonal boron nitride (hBN)
as a substrate [Figure 1(a)] for graphene devices has
attracted considerable interest because compared with
conventional substrates, graphene on the hBN substrate
exhibits increased mobility [13, 14] and further, signifi-
cant improvements has been observed in quantum Hall
measurements [14]. According to the studies based on
scanning tunneling microscopy measurements [15, 16],
compared with SiO2 substrates, graphene on hBN pro-
vides an extremely flat surface that significantly reduces
electron-hole puddles. In addition to the advanctages of
providing an atomically smooth surface (relatively free
of dangling bonds and charge traps), a large band gap
(≈6 eV [17]), chemical inertness, and a low density of
charged impurities, hBN sheets also interestingly exhibit
an unusual electronic structure not observed in most wide
bandgap materials.
Previous studies have reported that the nearly free
electron (NFE) state [18] exists in the conduction band
minimum (CBM) of hBN at the Γ point (~k = 0), as shown
in Figure 1(b). Figure 1(c) shows the NFE state at Γ.
It has an electronic density about 3 A˚ above the hBN
layer (the yellow region). If a carbon nanotube (CNT)
is placed on the BN sheet, the charge can move from the
CNT to hBN. Owing to the presence of an external elec-
tric field, doping and so on, the free-electron-like energy
dispersion of the hBN substrate may lead to unwanted
electrical conduction (leakage current) through the hBN
substrate.
In this Letter, we report the structural and electronic
properties of doped (10, 0) CNTs on an hBN sheet in the
FIG. 1. (Color online) The NFE state of the BN sheet and
the doped CNT on the BN sheet under an applied electric
field. (a) A free-standing 4 × 4 hBN sheet. (b) The NFE
state at Γ in the band structure of the BN sheet. (c) The
contour plot of the NFE state of the BN sheet shows electron
accumulation (red) and depletion (blue). (d) Side view of a
metal-doped (10, 0) CNT on the BN sheet under an applied
electric field along the +z direction. White, blue, gray, and
red balls represent boron, nitrogen, carbon, and metal dopant
atoms, respectively. In (d), the arrow indicates the direction
of the external electric field.
2presence of an external electric field; the structural and
electronic properties are obtained by using first-principles
pseudopotential density-functional methods. We con-
sider three different types of dopants (K, Cl, and Ni) to
study the electronic property dependence on the doping
polarity, and we calculate the projected density of states
(PDOS) to determine whether the electronic states orig-
inating from the hBN substrate equal the Fermi level
(EF ), causing some problems in CNT devices. Finally,
we show that although the electronic energy bands of
the hBN sheet are modified in accordance with the field
strength, its electronic state in the valence or conduction
band does not equal EF under the field strength con-
sidered. Our result suggests that hBN as a substrate
does not modify the electronic structure of the CNT,
thereby leading to improvements in device performance,
when comparing the performance of CNT-based devices
on the hBN substrate with conventional substrate ma-
terials such as SiO2. However, residual scattering and
electrical conduction could occur in the case of doped-
CNTs placed on the hBN substrate when the top gate
voltage is applied.
We carried out first-principles calculations using the
Vienna Ab-initio Simulation Package (VASP) [19]. The
projector-augmented wave pseudopotentials were em-
ployed [20]. The exchange-correlation functional was
treated within the spin-polarized local density approx-
imation (LDA) in the form of Ceperley-Alder-type pa-
rameterization [21]. The cutoff energy for the planewave
basis expansion was chosen to be 450 eV, and the atomic
relaxation was continued until the Helmann-Feynman
forces acting on atoms were smaller than 0.03 eV/A˚. For
more precise calculations, we included the dipole correc-
tion.
The BN sheet was represented by a slab of a single-
layered BN sheet and a vacuum region of 14 A˚. We ar-
ranged the CNT and the BN sheet on a tetragonal lat-
tice, with one side of the unit cell being equal to the
lattice constant of the zigzag CNT. The other sides of
the supercell were set to a length of 17.5 A˚, about twice
the value of the CNT diameter, to avoid intertube in-
teraction. Here, the B-N bond length was calculated to
be 1.44 A˚ (the corresponding lattice constant of the BN
sheet was 2.50 A˚), which is reasonably close to the exper-
imental value of 2.51 A˚. The Brillouin zone was sampled
using a Γ-centered 10 × 1 × 1 k-point mesh for all unit
cells. The electronic levels were convoluted using Gaus-
sian broadening with a width of 0.05 eV to obtain the
DOS.
To investigate the influence of adsorbed charge
dopants, we chose potassium (K) and chlorine (Cl)
atoms. Potassium is a member of the alkali metal family
and it tends to donate one electron to the CNT or the
graphene sheet [22, 23], whereas chlorine is a member
of the halogen family and it tends to accept one elec-
tron from the CNT or the graphene sheet [24, 25]. On
FIG. 2. (Color online) Three possible sites of our supercell
model with the CNT adsorbed on the BN sheet. (a) Top view
for AA-stacking. (b) Top view for AB-N stacking. (c) Top
view for AB-B stacking. White, blue and gray balls represent
boron, nitrogen and carbon atoms, respectively.
the other hand, nanoparticulate nickel is often used as
a catalyst to prepare CNTs. If the Ni nanoparticles are
not completely removed from the CNT surfaces after the
growth, the CNT may contain nickel impurity atoms on
its surface [26]. Therefore, we considered a nickel-doped
CNT for this investigation.
To examine whether the NFE state originating from
the hBN substrate touch EF , we applied an external uni-
form electric field to the doped CNT. Firstly, we studied
the effect of an external electric field on the electronic
properties of an undoped (10, 0) CNT on the BN sheet
substrate. The unit cell dimension of the BN sheet was
chosen to be equal to one unit of the CNT. Figure 2 shows
three possible sites of our supercell models with the CNT
adsorbed onto the BN sheet, namely, the top site of each
atom (AA-stacking), the hollow site formed by the B3N3
hexagon and the top site of a B atom (AB-B stacking),
and the hollow site formed by the B3N3 hexagon and the
top site of a N atom (AB-N stacking). The energetically
favorable site was found to be AB-N stacking.
Figure 3(a) shows the PDOS of the CNT on the BN
sheet when an external electric field is applied in the
normal vector direction to the hBN plane. In all the
cases, there is a large difference (more than 2 eV) between
the CBM of the BN sheet and EF . We can conclude that
the NFE state does not affect electronic conduction, and
that the conduction occurs only through the CNT in the
CNT-based nanodevice. In the presence of an external
electric field, there is no practical change in the energy
levels near EF , although small changes are observed in
the peak position and height of the PDOS.
To study the doping effect of electrons or holes by a
single dopant, we considered an atomic impurity (K or
Cl) placed between the CNT and the BN sheet, as shown
in Fig. 1(d). In the calculations, we increased the length
of our unit cell (3× 2.50 A˚) along the tube axis. Figures
3(b) and 3(c) show the PDOSs of the K- and Cl-doped
CNTs on the BN sheet, respectively, under the applied
electric field. Because of the doping effect, the Fermi lev-
els are upshifted by ≈0.65 eV (downshifted by ≈0.43 eV)
for the K (Cl) impurity atom. Although the electronic
3FIG. 3. (Color online) Undoped and doped (10, 0) CNTs placed on the BN sheet in the presence of an external electric field.
(a) The PDOSs of the CNT and the BN sheet for the undoped CNT on the BN sheet with and without the field. The field
direction is along the z direction, which is normal to the BN sheet. (b) The PDOS of a potassium-doped CNT on the BN sheet
under an applied electric field. (c) The PDOS of a chlorine-doped CNT on the BN sheet under an applied electric field. (d)
The PDOS of the nickel-doped CNT on the BN sheet under an applied electric field. The Gaussian broadening for the PDOS
is 0.05 eV.
energy bands of the BN sheet are modified by the elec-
tric field, the energy level of NFE state is not very close
to EF under the field strength considered. In the case
of the K-doped CNT, the CBM of hBN is far from EF
by more than 1 eV above EF for a field of −0.2 eV/A˚.
On the other hand, in the case of the Cl-doped CNT, a
field of −0.2 eV/A˚ gives rise to the upshift of the valence
band maximum (VBM) close to EF . According to our
Bader charge analysis, the K atom donates 0.85 e to the
CNT and the Cl accepts 0.32 e from the CNT. This result
implies that the CNT has mainly ionic interaction with
the K atom but it has orbital hybridization as well as
ionic interaction with the Cl atom. We observed that a
CNT state hybridized with the Cl impurity state occurs
at EF whereas the hBN sheet has no clear coupling (hy-
bridization) with the Cl impurity at EF . Therefore, the
Cl impurity atom may function as a scattering source for
the quantum charge transport in the CNT. However, we
need not worry about the occurrence of unwanted elec-
trical conduction (leakage current) due to the Cl adatom
through the BN sheet in the electronic device because
there is no coupling between the Cl adatom and hBN.
We also studied the effect of an external electric field
on the electronic properties of a Ni-doped CNT on the
BN sheet. Figure 3(d) shows the PDOS of the Ni-doped
CNT on the BN sheet under an external electric field.
In the PDOS, although all the states are slightly mod-
ified by the electric field, any state of the CBM (NFE
state) or the VBM in the BN sheet does not touch EF .
However, strongly localized PDOS peaks originating from
the Ni 3d orbital appear near EF . The presence of these
peaks show that there is strong coupling between the
Ni adatom, the CNT and the hBN sheet, which is in
sharp contrast to the Cl and K doping cases. As men-
tioned above, the Cl and K dopants do not have impurity-
derived BN states near EF . In the case of Ni-doping, the
Bader charge analysis shows that 0.33 e is transferred
from the Ni adatom to the CNT.
In a single-gate field effect transistor (FET), an elec-
tric field is generated between the gate and the channel
when a gate bias is applied. The BN states that are rel-
atively close to EF due to doping and the electric field
FIG. 4. (Color online) The local potential averaged over a
plane parallel to hBN as a function of the distance normal to
the slab for (a) the undoped and the Ni-doped (10, 0) CNTs.
The dashed line is for the bare CNT on the hBN sheet while
the solid line indicates the potential for the Ni-doped CNT.
(b) The local charge density in the energy window where the
strong peaks of the Ni PDOS occur, as shown in Figure 3(d).
4maintain the energy spacing between the VBM (or the
CBM) in the BN sheet and the Fermi level, as in the case
of zero electric field. The dopant atom (K or Cl) and/or
the electric field do not influence the approach of an elec-
tronic band of the BN sheet towards EF . Thus, conduc-
tion occurs only in the doped CNTs. In the light of the
above-mentioned results, the BN sheet has emerged as
a potentially suitable substrate material. However, for
the dual-gate FET, the Fermi level can shift and equal
the CBM of the BN sheet. It is noted that the dual-gate
FET can control not only the doping level (the electronic
chemical potential) but also the electric field. For an elec-
tric field of −0.2 V/A˚ for the K-doped case, the NFE
state in the CBM in the BN sheet is close to EF . For an
electric field of +0.2 V/A˚ electric field for the Cl-doped
case, the states of the VBM in the BN sheet are close
to EF (0.57 eV below EF ). If the Fermi level equals the
CBM of the BN sheet in the dual-gate FET, electronic
conduction (leakage current) may occur through the BN
sheet.
Finally, we examined the local potentials for the K, Cl,
and Ni-doped CNTs on the hBN. Figure 4(a) displays the
local potential as a function of the distance normal to the
slab for the undoped CNT on the BN sheet and the field
direction for the undoped (dashed line) and Ni-doped
(solid line) CNTs on the BN sheet in the presence of an
external electric field. The local potentials between the
BN sheet and the CNT are the same as in the vacuum
space in the right region in Figure 4(a); this results indi-
cates that electronic screening occurs between the hBN
sheet and the CNT. The presence of the BN sheet does
not alter the fundamental response of the undoped CNT.
We found that, for K- and Cl-doped CNTs, the local po-
tentials between the BN sheet and the CNT are almost
the same as in the vacuum region far from the undoped
CNT. In contrast, for the Ni-doped CNT, the local poten-
tial in the region between the hBN sheet and the CNT
is less than those for the other cases by 5.5 eV on the
right side of the vacuum region. In Figure 4(b), the local
charge density in the energy window where the strong
peaks of the Ni PDOS occur, as shown in Figure 3(d),
exhibits a charge overlap between the Ni-doped CNT and
hBN. This result implies that the nickel atom may play a
crucial role as a scattering center when the Fermi level is
shifted into this energy window via doping or the appli-
cation of an external electric field. In addition, unwanted
electrical conduction could occur through the BN sheet
because there is coupling between the CNT and hBN via
the Ni impurity atom.
In summary, we studied the effects of an external
electric field and doping on the electronic properties of
CNTs on the BN sheet, and obtained electronic struc-
tures (band structure, PDOS and local potential) for
three types of atomic impurities (K, Cl, and Ni) in the
presence of the external electric field. We found that al-
though the electronic energy bands of the BN sheet in the
PDOS are modified in accordance with the field strength,
its electronic state in the valence or conduction band does
not equal EF under the field strength considered. Our
results suggest that the BN sheet can be considered as
a potentially suitable substrate material for doped CNT-
based single-gate FETs. However, BN substrates with
some defects might exhibit poor performance since the
imperfections impair electrical conductivity due to resid-
ual scattering when strong top-gate voltage is applied in
applications like dual-gate field effect transistors.
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